The ability to evolve hydrogen using methyl viologen as an electron donor was assayed in the nitrogen-fixing actinomycetes Frankia sp. R43 and Frankia sp. KB5. To further examine the nature of hydrogen-evolving enzymes that may be present in these organisms immunological studies were performed. Under anaerobic conditions (both nitrogen-limiting and nitrogen-containing) Frankia sp. R43 but not Frankia sp. KB5 evolved hydrogen,which was not linked to NAD-reducing activity. Immunological analysis of total protein from Frankia sp. R43 and Frankia sp. KB5 using an antiserum raised against Ralstonia eutropha HoxF, recognized an antigen in Frankia sp. R43 but not in Frankia sp. KB5. Immunogold labeling using antibodies raised against the R. eutropha HoxH recognized sites in both hyphae and vesicles of Frankia sp. R43, but not in Frankia sp. KB5. Based on these physiological and immunological findings, we conclude that Frankia sp. R43 has a hydrogen-evolving hydrogenase.
Introduction
Hydrogenases, which are the key enzymes involved in hydrogen metabolism [1] [2] [3] [4] , catalyze the reversible oxidation of molecular hydrogen into protons and electrons. Hydrogenases have been observed and characterized in many microorganisms, including various algae, trichomonads, anaerobic ciliates and chytrid fungi [5] [6] [7] . According to their in vivo activity the enzymes are characterized as hydrogen uptake, bidirectional or reversible hydrogenases. Hydrogenases provide the microorganisms with the capacity either to use hydrogen as an energy source or to dissipate excess reducing equivalents in the form of molecular hydrogen [5] . The facultative soil-inhabiting proteobacteria Ralstonia eutropha and Rhodococcus opacus, contain energy-generating [NiFe]-hydrogenases, which provide the cells with reducing equivalents [8] [9] [10] [11] , giving them the capacity to grow chemolithotrophically with molecular hydrogen as a sole energy source.
In nitrogen-fixing organisms three enzymes are involved in hydrogen metabolism: nitrogenase, uptake hydrogenase and bidirectional or reversible hydrogenase. In nitrogen-fixing (heterocystous) cyanobacteria, two functionally different types of hydrogenases have been identified in vivo: uptake hydrogenases, which preferentially consume hydrogen, and bidirectional hydrogenases, which catalyze both H 2 uptake and evolution [12] . The uptake hydrogenases are associated with nitrogen fixation [13] . The bidirectional hydrogenases are active under anaerobic conditions [14] and implicated in hydrogen evolution [15, 16] . The hydrogen production by bidirectional hydrogenase was clearly distinct from hydrogen production by nitrogenase, since the cells were grown in the presence of ammonia in the cited experiments and did not have nitrogenase activity [17] . The bidirectional hydrogenase gene sequences of several cyanobacteria have been characterized [18] [19] [20] [21] , and shown to have a high degree of homology to those of more complex NAD(P) þ -linked hydrogenases from R. eutropha and Rh. opacus MR11 [22] [23] [24] . The two
NAD(P)
þ -linked hydrogenases also showed immunological identity to the bidirectional hydrogenases of the cyanobacteria [21, 24] .
Frankia sp. are nitrogen-fixing, gram-positive soil actinomycetes that have the ability to live in symbiosis with certain higher vascular plants (''actinorhizal plants''), which can form Frankia-containing root nodules [25] . In contrast to other microsymbionts in root nodule forming symbioses, Frankia is able to fix nitrogen both in free-living aerobic conditions and in symbiosis [26] . Frankia has also been found in lake sediments, so members of the genus can presumably adapt to life in anaerobic/semi-anaerobic conditions [27] . Frankia can differentiate into three cell types: hyphae, vesicles and spores. The vesicles are formed, for most free-living Frankia, under nitrogen-limiting conditions from the swollen tips of hyphae and are surrounded by a multi-layer lipid membrane that maintains a low internal oxygen tension. Earlier studies have revealed the localization of the oxygen-sensitive nitrogenase in these structures [28, 29] . Another characteristic feature of Frankia sp. isolated from the host Alnus sp. and Casuarina sp. is that they have uptake hydrogenase activity,which has been recorded from almost all but one of them [30] . In free-living Frankia sp. KB5 an uptake hydrogenase has been characterized [31, 32] , showing a strong correlation between hydrogen uptake and nitrogenase activity [32] , which is immunologically related to membrane-bound NiFe-hydrogenases identified in various microorganisms [33] , including Bradyrhizobium japonicum and Rizobium leguminosarum [31] . However, the situation in the other strains has not been reported to date.
Frankia sp. is a diverse group of organisms, which live in a wide variety of environmental conditions. So, it is credible to assume that the hydrogen metabolism properties vary considerably among these organisms. This paper presents a physiological, immunological and immunogold localization study showing the presence of (a) hydrogen-evolving enzyme(s) in free-living Frankia sp. R43, in contrast to the better characterized Frankia sp. KB5 [31, 32] , which shows only uptake hydrogenase activity.
Material and methods

Organisms and growth conditions
Frankia sp. R43 (LLR02022) isolated from Casuarina cunninghamiana Miq. [34] and Frankia sp. KB5 isolated from C. equisetifolia sub sp. incana L [35] , were grown at 27°C, with shaking, in a liquid modified medium (designated PUM-Medium) [32] . Propionic acid and NH 4 Cl were used as carbon and nitrogen sources, respectively. To maintain continuous growth of hyphae the cells were transferred to fresh medium once a week. After three successive transfers to this N-containing medium, Frankia sp. R43 and Frankia sp. KB5 cells were washed twice in and transferred to PUM-N medium, as described earlier [32] , to induce vesicle formation and nitrogen fixation. The initial concentration of inoculated cells was set at a total protein concentration of 5 lg protein ml À1 .
Nitrogenase and hydrogen uptake activities
Nitrogenase activity in cultures of free-living Frankia cells was determined as acetylene reduction activity (ARA) by use of a gas chromatograph (Shimadzu, GC-8AIF, Shimadzu Scientific Instruments Inc., Columbia, MD) as described earlier [32] . A Hansatech Model DW1 oxygen electrode (Hansatech Ltd., King's Lynn, Norfolk, UK) converted for measuring hydrogen, was used for monitoring hydrogen uptake, as also described earlier [32] .
Hydrogen evolution
Activity of hydrogen-evolving enzyme was measured as H 2 production in the presence of an artificial electron donor (methyl viologen reduced by sodium dithionite), using a gas chromatograph (Shimadzu GC-8AIT, Shimadzu Scientific Instruments Inc., Colombia, MD) with a thermal conductivity detector [32] . To induce hydrogen evolution, the intact cell cultures of Frankia sp. R43 and Frankia sp. KB5 were incubated in an argonized environment for 24 h. The reaction mixtures used for these measurements contained 1.8 ml of cell suspension (culture), resuspended in the same volume of 50 mM Tris-HCl (pH 7.0) under argon (to create an anaerobic environment) in 6.5 ml Suba-sealed glass vials. The reaction was initiated by adding 0.2 ml of freshly prepared electron donor system (2 mM methyl viologen and 20 mM sodium dithionite in 50 mM Tris-HCl, pH 7.0) to the vials under argon condition [40] .
The reaction mixtures were incubated with shaking at 27°C. The measurements of hydrogen evolution started after an incubation period of 90 min and continued until a linear increase of H 2 was recorded. The total protein content from the intact cells used for the hydrogenase assays was determined using bovine serum albumin to standardize the assay procedure [31, 32] . Activity was expressed as micromoles of H 2 evolved per hour per mg of protein. For Frankia sp. KB5, which showed no detectable hydrogen evolution, the reaction mixture was left overnight to ensure that H 2 evolution would have been detected if any had been present.
To Frankia cultures grown under nitrogen-fixing conditions (i.e., in -N medium), NH 4 Cl was added (to prevent hydrogen being evolved from nitrogenase) to a final concentration of 10 mM, 24 h before the start of the experiments (i.e., a day before the start of the induction of hydrogen evolution by argonization). Nitrogenase activity was measured as described above, to verify that all nitrogenase activity (including hydrogen evolution) had been eliminated (data not shown).
Hydrogen evolution from NAD-reducing hydrogenase was measured on Frankia sp. R43 cells by adding NAD and measure NADH formation at 340 nm as earlier described by Friedrich et al. [39] .
Protein extraction and quantification
Proteins were extracted from cell suspensions derived from cultures of Frankia sp. R43 and KB5, and measured, as previously described [32] .
Western-immunoblot analysis and immunogold labeling
Protein separation and Western blot analyses were performed as described earlier, but 5 lg was loaded onto the gels and R. eutropha hydrogenase subunit HoxF was used in the dilution 1:1000 [31, 32] . Fixation, embedding, sectioning and immunogold labeling were all performed as described earlier [31, 36, 37] , using primary antiserum raised against HoxH of R. eutropha (1:10 dilution, incubation time 3 h), followed by secondary goat-antirabbit IgG (1:20 dilution, incubation time 1 h; BioCell, Cardiff, UK) conjugated with 5 nm colloidal gold particles, before the samples were viewed in a Philips CM 10 transmission electron microscope operating at 60 kV.
Results and discussion
The hydrogen-evolving capacity of Frankia species was analyzed using an assay with the artificial electron donor system of methyl viologen reduced with dithionite while keeping the cells under anaerobic conditions. In these experiments, hydrogen production was detected in Frankia sp. R43 in both nitrogen-containing and nitrogen-limiting anaerobic conditions (Table 1) , whereas no hydrogen production from Frankia sp. KB5 was detected (Table 1) . Hydrogen evolution can also be originated from the nitrogenase-catalyzed nitrogen-fixation process, since the two reactions occur concomitantly. Therefore, we also tested nitrogenase activity of the cells. The results clearly show that in both free-living Frankia sp. R43 and KB5, nitrogenase activity was present when the cells were kept under aerobic, nitrogen-limiting conditions, but no nitrogenase activity was found when the cells were kept under aerobic, nitrogencontaining conditions (Table 1) . However, no hydrogen evolution was detected under aerobic nitrogen-limiting conditions, either in Frankia sp. R43 or KB5 (data not shown). In addition, NAD-reducing activity was not detected in Frankia sp. R43 (data not shown). Interestingly, a hydrogen uptake enzyme was active in both strains ( Table 1 ). The hydrogen uptake enzyme has earlier been recognized in Frankia sp. KB5 and R43 [31, 32] . Also, a strong correlation between uptake hydrogenase and nitrogenase has been previously confirmed [31] . Only one uptake hydrogenase (from B. japonicum) has been reported to have hydrogenevolving capacity, and this enzyme evolved hydrogen only under acidic conditions (pH optimum, 4.0) [38] . Therefore, we do not consider that the hydrogen recorded from Frankia sp. R43 is likely to have originated from an uptake hydrogenase acting in the reverse direction, since the pH was kept at 7.0 (data not shown). Interestingly, a NAD-linked soluble hydrogenase has previously been identified in another actinomycete, Rh. opacus (formerly Nocardia opaca) [9] .
In Frankia sp. R43, hydrogen evolution was detected irrespective of the nitrogen status of the culture, i.e., in both non-nitrogen-fixing and nitrogen-fixing conditions (Table 1) , whereas nitrogenase activity was only recorded in -N medium (Table 1) . These findings are consistent with earlier studies of reversible hydrogenases in cyanobacteria, which found the enzymes to be constitutively expressed [18] and to be synthesized independently of nitrogenase synthesis [12] . Furthermore, the presence of combined nitrogen in the growth medium has little effect on the level of reversible hydrogenase activity in some cyanobacteria [12] . However, Serebryakova et al. [40] found an increase in the amount of reversible hydrogenase synthesized under nitrate starvation conditions in the unicellular non-nitrogen-fixing cyanobacterium Gloeocapsa alpicola. In our study, nitrogen-fixing conditions stimulated the activity of the methyl viologen-mediated hydrogen evolution in Frankia sp. R43, as well as its hydrogen uptake activity. That nitrogen-fixing conditions stimulated hydrogen evolution is probably due to the restricted oxygen concentrations in the vesicle creating a favorable environment for the activity of the hydrogen-evolving hydrogenase. In cyanobacteria, the reversible hydrogenases are highly sensitive to oxygen, and the changes associated with nitrogen fixation in heterocystous organisms have an indirectly positive effect on their activity. The microaerobic environment within the heterocysts probably leads to additional synthesis of reversible hydrogenase enzyme, and the specific activity during aerobic growth has been shown to be higher in heterocysts than in vegetative cells [12] . In Frankia sp. R43, we found hydrogen uptake activity during aerobic growth in both nitrogen-rich and nitrogen-limiting conditions, which appeared to be due to a hydrogenconsuming hydrogenase only, since no hydrogen evolution could be detected in nitrogen-rich conditions (data not shown). In addition, the oxygen-restricting multi-layered lipid vesicle structures are formed in Frankia sp. R43 under both nitrogen-rich and nitrogenlimiting conditions. The presence of a hydrogen-evolving enzyme in Frankia sp. R43 was further confirmed by use of Western immunoblot analysis using HoxF antibody raised against R. eutropha. The results clearly show recognition of a single polypeptide of 60 kDa in Frankia sp. R43, but not in Frankia sp. KB5 (Fig. 1) . We believe that the polypeptide in Frankia sp. R43 is a polypeptide of a hydrogen-evolving hydrogenase with similar immunological properties to the HoxF of R. eutropha. Recognition between R. eutropha HoxG antibodies and a Frankia sp. KB5 protein corresponding to the uptake hydrogenase has earlier been shown by Mattsson et al. [31] .
To corroborate our hypothesis that the hydrogen evolution measured in Frankia sp. R43 originates from a hydrogen-evolving hydrogenase, different from uptake hydrogenase, we performed immuno-gold labeling experiments (Fig. 2) . In cryo-sectioning experiments we were able to show that a polypeptide in both hyphae and vesicles is recognized by antibodies raised against hoxH of the SH-hydrogenase HY of R. eutropha (Fig. 2) . The labeling was evenly distributed in hyphae and vesicles, indicating that this is a soluble protein. The Frankia cells were grown in nitrogen-limiting conditions for seven days and kept anaerobically for 24 h, as were the cells used for physiological measurements. Earlier immunogold labeling experiments on Frankia sp. KB5 using A. latus antibodies revealed recognition to a polypeptide that was membrane-bound and identified as an uptake hydrogenase [31] . This is the first time, to our knowledge, that methyl viologen-mediated hydrogen evolution has been reported in the actinomycete Frankia. This hydrogen evolution was attributed to an active hydrogen-evolving hydrogenase, in accordance with earlier definitions of reversible hydrogenases recorded using methyl viologen [12] .
To date, various hydrogenases have been identified and all but one has been connected to energy-yielding reactions in the cells [7] . For example, it has been suggested that the reversible hydrogenase that evolves hydrogen in cyanobacteria receives reducing equivalents from the photolysis of water during hydrogen production in anaerobic conditions [7] . However, the metabolic functions and importance of hydrogen-evolving hydrogenase(s) in Frankia sp.
are not yet known. One likely possibility is that these enzymes might act as electron scavengers under anaerobic conditions, especially since free-living Frankia sp. is commonly found in anaerobic environments, i.e., in river and lake sediments [28] . The role of the hydrogen-evolving hydrogenase(s) is yet to be established.
